Overview
Molecular dynamics (MD) simulations provide a detailed view of biological processes at the atomic level. It has been successfully applied to predict protein structures, dynamics, functions and for design of drugs. Despite the increasing amount of sequence and structural information, very little is known about protein dynamics, which governs protein functions. This teaching tool introduces the MD simulations to the plant community. It contains six sections that aim to answer following questions about molecular simulations: (i) Why use MD? (ii) What is the future of MD in plant biology? (iii) What are the basic principles of MD (iv) What are some key achievements of MD (v) How has MD been applied to plant proteins? (vi) How can MD simulations and experiments be integrated? This teaching tool also includes two tutorials on how to run MD simulations using QwikMD software and how to analyze MD simulations using Visual Molecular Dynamics (VMD) software.
Use of this Material
This teaching tool is appropriate for use with a plant molecular biology course for upper level undergraduates. Prior knowledge of basic protein structure and function is helpful, but not required as this teaching tool includes material on basics of protein structure. Basic knowledge of physics (i.e. a high school or freshman level physics class) is useful for a full grasp of the section on the inner workings of MD. Remaining sections assume early undergraduate-level biology background. The lecture slides should take approximately 4-6 hours of lecture time to go through.
Tutorial Use: In addition to the lecture material, we have included hands-on tutorials to guide students through setting up, running, and analyzing MD data. "Tutorial 0: Installing Required Software" contains instructions on how to download necessary software on Windows, Mac and Linux platforms. "Tutorial 1: Preparing and Running a Simulation" shows students how to prepare and run a molecular dynamics simulation using the QwikMD software. Finally, "Tutorial 2: Watching a Protein in Action" shows students how to analyze MD data that we provide. Together, these two tutorials are intended to demonstrate the process of performing an MD study, from system preparation to analysis of results. Tutorials 1 and 2 are independent and thus can be performed in any order. For students with prior knowledge of molecular biology and protein structure, we recommend working through Tutorial 1 before Tutorial 2 to mimic an actual workflow of an MD study. For students with less prior knowledge of molecular biology and protein structure, we recommend working through Tutorial 2 before Tutorial 1. This will allow students gain some familiarity with looking at protein structures prior to setting up their own simulations. The estimated time requirement for tutorials are ∼15 minutes for Tutorial 0, 1 hour setup for Tutorial 1 plus 3-4 hours of run time, and 1.5 hours for Tutorial 2. Due to the required amount of time for each tutorial, we recommend that students work on them individually or in small groups outside of class time.
Lecture Synopsis
Why use molecular dynamics (MD) simulations? (3-19) For more details, see Lecture Notes, sections 1 and 3 Proteins are essential biological molecules that perform various physiological functions in animals and plants. They are synthesized from DNA, transcribed to RNA and translated to protein. Amino acids are bonded together as a polypeptide to make a long chain of protein. Later, the protein is folded to perform a desired function. Proteins are small and the three-dimensional structures of these molecules are obtained using experimental techniques such as X-ray crystallography, Cryoelecton microscopy (Cryo-EM) and Nuclear Magnetic Resonance (NMR). Proteins are dynamic entities in nature and adapt shapes frequently to perform various functions. Therefore, it is extremely difficult to understand the molecular mechanism of protein functions from one single static structure.
The need for Molecular Dynamics simulations in plant biology (20-27) For more details, see Lecture Notes, section 2 Climate change and global warming pose a major threat to current agriculture procedure. The projected global population and future food demands shows that we need to double to crop productivity by 2050. Drought threatens agricultural production and severely hits the crop yield. Additionally, extensive use of fertilizers to increase the crop production results in environmental pollution. The multiscale modeling might help us to engineer plant proteins to increase crop yield and improve food security.
All-atom MD: The computational microscope (28-55) For more details, see Lecture Notes, section 4 All-atom MD provides molecular level details of time dependent motions of the protein. MD algorithm is based on the principle of Newton's second law of motion. At each time step, MD integrates Newton's second law to evolve the positions and velocities of all the atoms. This allows MD to show the continuous snapshots of biological processes. The energy terms in simulations are calculated using force field that typically includes covalent bonding, bond angles, dihedral angles, Coulombic interactions and Van der Waals interactions. This Teaching Tool provides two tutorials which explain the use of QwikMD to set up and run MD simulations, and the analysis of MD output using VMD, respectively.
Scientific successes of MD (56-70)
For more details, see Lecture Notes, section 5 MD allows us to examine biological processes in an approximation to reality through the slow molecular motions, which is difficult to achieve traditional experimental procedures. The hardware development (GPUs) and parallel computational resource such as Blue Waters allows to conduct simulations for long timescales to capture the molecular mechanism of complex process for example protein folding, conformational changes such as activation and signaling mechanism, substrate transport in biological system and molecular recognition and drug design.
Applications of MD to plant proteins (71-77)
For more details, see Lecture Notes, section 6 Compared with their mammalian counterparts, very little structural information is available for plant proteins. MD can be used as an alternative to understand the structural and biologically relevant dynamics of plant proteins. In this Teaching Tool, we have discussed three important classes of plant proteins and shown how the dynamics play a crucial role in understanding the molecular mechanism of these proteins. By capturing the essential dynamics, one could engineer these proteins to improve their functions which could result in increase in plant growth and development.
Complement MD and experiments (78-85)
For more details, see Lecture Notes, section 7 The combination of biochemical experiments and MD could lead to a better understanding of experimental observables or enhanced MD sampling by choosing the optimal collective variables. We also developed a computational platform that predicts the optimal choice of probe placement for labelling residues techniques such as DEER spectroscopy, FRET, LRET, TTET etc., to conduct the experiments. This computational method will choose best choices from the MD dataset and guide experimentalists to perform experiments that results better understanding of biological process.
Suggested reading and online resources (86-87)
We introduced classic MD textbooks and online resources for further reading.
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